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Monochloramine disinfection kinetics were determined for the pure-culture ammonia-oxidizing bacterium
Nitrosomonas europaea (ATCC 19718) by two culture-independent methods, namely, Live/Dead BacLight (LD)
and propidium monoazide quantitative PCR (PMA-qPCR). Both methods were first verified with mixtures of
heat-killed (nonviable) and non-heat-killed (viable) cells before a series of batch disinfection experiments with
stationary-phase cultures (batch grown for 7 days) at pH 8.0, 25°C, and 5, 10, and 20 mg Cl2/liter monochlo-
ramine. Two data sets were generated based on the viability method used, either (i) LD or (ii) PMA-qPCR.
These two data sets were used to estimate kinetic parameters for the delayed Chick-Watson disinfection model
through a Bayesian analysis implemented in WinBUGS. This analysis provided parameter estimates of 490 mg
Cl2-min/liter for the lag coefficient (b) and 1.6 � 10�3 to 4.0 � 10�3 liter/mg Cl2-min for the Chick-Watson
disinfection rate constant (k). While estimates of b were similar for both data sets, the LD data set resulted in
a greater k estimate than that obtained with the PMA-qPCR data set, implying that the PMA-qPCR viability
measure was more conservative than LD. For N. europaea, the lag phase was not previously reported for
culture-independent methods and may have implications for nitrification in drinking water distribution
systems. This is the first published application of a PMA-qPCR method for disinfection kinetic model
parameter estimation as well as its application to N. europaea or monochloramine. Ultimately, this PMA-qPCR
method will allow evaluation of monochloramine disinfection kinetics for mixed-culture bacteria in drinking
water distribution systems.

As a result of stage 1 and stage 2 disinfectant and disinfec-
tion by-product rules, chloramination for secondary disinfec-
tion in the United States is predicted to increase to 57% of all
surface and 7% of all groundwater treatment systems (49). A
recent survey reported that 30% of the respondents currently
chloraminate to maintain distribution system residual, and
other recent surveys suggest that between 8 and 12% of drink-
ing water utilities are contemplating a future switch to chlo-
ramination (3, 43).

Although chloramines are considered weaker disinfectants
than chlorine for suspended bacteria, chloramines are per-
ceived as more effective disinfectants for a biofilm (25, 53). As
a result of their lower reactivity, chloramines are believed to
penetrate a biofilm further and thereby to more effectively
disinfect biofilm bacteria with depth than chlorine (53).

Chloramination comes with the risk of distribution system
nitrification (2, 21, 22). Based on utility surveys, 30 to 63% of
utilities practicing chloramination for secondary disinfection
experience nitrification episodes (3, 21, 43, 54). Nitrification in
drinking water distribution systems is undesirable and may
result in water quality degradation (e.g., disinfectant depletion,
coliform occurrences, or nitrite/nitrate formation) and subse-
quent noncompliance with existing regulations (e.g., surface
water treatment rule or total coliform rule) (2). Thus, nitrifi-

cation control is a major issue in practice and is likely to
become increasingly important as chloramination increases.

Unfortunately, our understanding of distribution system ni-
trification and its control is incomplete, which has made this a
topic of considerable ongoing research. Recently, Fleming
et al. (12) proposed nitrification potential curves as a possible
strategy to prevent nitrification in chloraminated drinking wa-
ter distribution systems. Use of this concept or other modeling
approaches inherently requires knowledge of both the growth
and disinfection kinetic parameters of nitrifiers, specifically
ammonia-oxidizing bacteria (AOB), inhabiting the distribution
system.

Several chloramine disinfection studies have been reported
for nitrifier cultures (2). However, only one study contains a
detailed determination of chloramine disinfection kinetics,
having investigated the pure-culture AOB Nitrosomonas euro-
paea (33). In contrast to this pure-culture study, AOB are
present as mixed cultures in chloraminated drinking water
distribution systems, with Nitrosomonas oligotropha rather than
N. europaea representing the dominant AOB found (33, 37,
38). Therefore, determination of disinfection kinetics of
mixed-culture AOB likely present in chloraminated drinking
water (i.e., N. oligotropha) represents a significant knowledge
gap in our understanding of nitrification episodes.

Disinfection kinetic parameter determination inherently de-
pends on the method used to quantify viable bacteria. In gen-
eral, there are two classes of viability determinations, i.e., (i)
culture-dependent and (ii) culture-independent methods (5,
16, 27). Culture-dependent methods rely on bacterial growth
and include plate counts and most-probable-number (MPN)
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techniques. Culture-independent methods include activity
measures (e.g., substrate uptake or oxygen utilization) and
other methods that rely on cell membrane integrity as a via-
bility measure. In general, culture-dependent methods result in
faster disinfection kinetics than culture-independent methods.

As a first step toward gaining more information on AOB
disinfection in chloraminated drinking water distribution sys-
tems, a culture-independent method with future applicability
to mixed-culture AOB was implemented. In the current re-
search, N. europaea was used. Even though N. europaea has not
been found to be the dominant AOB in chloraminated sys-
tems, its use in the current research provides a comparison to
existing literature. The culture-independent method combines
the use of propidium monoazide (PMA), which selectively
removes DNA from membrane-compromised cells and/or in-
hibits its amplification by PCR (29–31), with a quantitative
PCR (qPCR) method developed for detection of AOB in chlo-
raminated drinking water distribution systems (36). The results
using PMA-qPCR were compared with those obtained using
another culture-independent membrane integrity-based tech-
nique, the Live/Dead BacLight (LD) method. Furthermore,
the experimental conditions were selected (pH 8.0 and a chlo-
rine-to-nitrogen mass ratio of 4:1) such that monochloramine
was the dominant chloramine species present, and the results
are reported as monochloramine disinfection kinetics. The
magnitude of the reported disinfection kinetics was closely
related to the respective method used for viability determina-
tion. For example, in this research a cell was considered viable
or nonviable based on the ability of propidium iodide (PI) or
PMA to penetrate its membrane and on subsequent processing
according to the respective method.

LD was previously used to determine detailed N. europaea
disinfection kinetics (33) and provides a baseline comparison
for the current research. Oldenburg et al. (33) provided a
comparison of estimated disinfection kinetic parameters, using
both the culture-dependent AOB MPN technique and LD as
viability measures. The estimated disinfection kinetic parame-
ters based on the AOB MPN method were 3 orders of mag-
nitude greater than those obtained with the culture-indepen-
dent LD method, and the lower disinfection kinetics based on
LD were more consistent with AOB persistence in chlorami-
nated drinking water distribution systems. Based on this pre-
vious research and because the AOB MPN method requires an
incubation period of 21 to 30 days, it was not evaluated in the
current research (2).

Initially, control experiments were conducted with various
proportions of heat-killed cells to verify that both the PMA-
qPCR and LD methods detected only viable cells. After the
control experiments, a series of batch disinfection experiments
were conducted where both PMA-qPCR and LD were utilized
to quantify viable bacteria, providing two data sets for disin-
fection kinetic parameter estimation. Ultimately, the PMA-
qPCR method used in this research will be applied to mixed-
culture AOB typically present in drinking water distribution
systems (i.e., N. oligotropha) (36–38).

MATERIALS AND METHODS

Bacterial strain and culture conditions. N. europaea (ATCC 19718; American
Type Culture Collection, Manassas, VA) was batch grown (25 to 28°C) on a
rotary shaker (100 rpm) to stationary phase (7 days) in 2.8-liter glass flasks

(protected from light) with 2 liters of an inorganic salt medium (23). The inor-
ganic salt medium consisted of 5.0 mM (NH4)2SO4 (140 mg N/liter total ammo-
nia), 0.40 mM KH2PO4, 1.0 mM KCl, 0.20 mM MgSO4 � 7H2O, 1.0 mM
CaCl2 � 2H2O, and 10 mM NaCl, with the addition of 0.2 ml phenol red (0.5%)
and 1 ml trace element stock solution per liter of medium. The trace element
stock solution consisted of 0.02 mM MnCl2 � 4H2O, 0.80 mM H3BO3, 0.15 mM
ZnSO4 � 7H2O, 0.030 mM (NH4)6Mo7O24 � 4H2O, 3.5 mM FeSO4 � 7H2O, 0.10
mM CuCl2 � 2H2O, and 0.025 mM 6 N HCl. To maintain pH, 0.2-�m-pore-size
filter-sterilized 5% (wt/vol) NaHCO3 was added based on the color change of the
phenol red indicator from red to yellow, indicating a drop in medium pH.
Culture purity was checked by confirming cell morphology via microscopy with
an Axioplan 2/Axiophot 2 microscope (Carl Zeiss Micro Imaging, Inc., Thorn-
wood, NY), and the presence of heterotrophic contamination was checked by
plating on R2A agar.

Monochloramine preparation and measurement. Free chlorine solutions were
prepared by diluting 4 to 6% NaOCl with ultrapure water (Barnstead NANO-
pure Diamond; Barnstead International, Dubuque, IA) as required. Stock
NaOCl solutions were standardized periodically with sodium thiosulfate in ac-
cordance with standard method 4500B (1). Ammonium sulfate [(NH4)2SO4] was
dissolved in ultrapure water, with the addition of chlorine solutions at a 4:1
chlorine-to-nitrogen (Cl2:N) mass ratio to form monochloramine. Monochlora-
mine was measured on a Nicolet Evolution 300 UV-visible spectrophotometer
(Thermo Electron Scientific Instruments, Madison, WI) at 655 nm, using Hach
method 10171, allowing detection of only monochloramine (26). Total and free
chlorine measurements were measured on a DR/2500 spectrophotometer (Hach
Company, Loveland, CO) at 530 nm, using Hach methods 8167 and 8021,
respectively. Under our experimental conditions (pH 8.0, 25°C, 4:1 Cl2:N mass
ratio, 10 mM phosphate concentration, and 5, 10, and 20 mg Cl2/liter total
chlorine), monochloramine was the dominant species. This was confirmed by
experimental measurements and further supported by implementation of a
monochloramine autodecomposition model (20, 51) in the computer program
AQUASIM (EAWAG, Dübendorf, Switzerland) (39). Under the modeled ex-
perimental conditions, monochloramine comprised �99% of the total chlorine
present.

LD. LD kit L7012 (Invitrogen, Carlsbad, CA) for microscopy and quantitative
assays was used according to the manufacturer’s instructions to differentiate
viable and nonviable N. europaea cells. A 20-�l sample (based on approximately
1 � 108 cells/ml) was diluted in 10 ml sterile phosphate-buffered saline (PBS; 10
mM Na2HPO4 and 130 mM NaCl, pH 8) and vortexed briefly. This sample was
then filtered through a 0.2-�m black polycarbonate filter under vacuum to create
the prepared sample.

With protection of components from light, 3 �l component A (Syto 9) and 3
�l component B (PI) were added to 2 ml sterile PBS. This solution was then
added to the prepared sample for direct staining on the filter and incubated for
15 min in the dark. After staining of the sample, the residual stain was removed
by applying a vacuum to the prepared sample. The filter was then placed on a
precleaned microscope slide, and 2 drops of component C (BacLight mounting
oil) was placed on the filter surface before it was covered with a coverslip. The
cells were visualized using a microscope equipped with an AxioCam MRm digital
camera, AxioVision 3.1 image analysis software, and filter sets 9 and 15 (Carl
Zeiss Micro Imaging, Inc., Thornwood, NY) to capture the green (viable) and
red (nonviable) fluorescing cells. With a magnification of �400, at least 10 fields
were randomly chosen for each sample. Two images were taken for each field
(one for each filter set) and later combined into a single image for manual
counting, resulting in determinations of the number of viable cells (N), number
of total cells (NT), and ratio of viable to total cells (N/NT).

PMA treatment. PMA treatment was conducted according to the method of
Nocker et al. (31). Briefly, PMA (Biotium, Inc., Hayward, CA) was dissolved in
20% dimethyl sulfoxide, creating a 20 mM PMA stock solution. This stock
solution was stored at �20°C in the dark. PMA was added to culture aliquots
(1.75 ml) to a final PMA concentration of 50 �M in 2-ml microcentrifuge tubes
and vortexed briefly. These samples were then incubated in the dark for 5 min
before being exposed to light for 2 min at a distance of 20 cm from a 650-W
halogen light source (Sachtler R651HS; Camera Dynamics, Inc., Valley Cottage,
NY). To avoid excessive heating, the samples were laid horizontally on ice and
rotated every 30 s. After PMA treatment, the cells were harvested by centrifu-
gation at 5,000 � g for 10 min prior to DNA isolation.

DNA isolation and quantification. Genomic DNA was extracted using a
DNeasy blood and tissue kit (Qiagen, Valencia, CA) according to the manufac-
turer’s instructions for gram-negative bacteria. Extracted DNA was visualized in
1% agarose gels stained with Lonza GelStar nucleic acid gel stain (Cambrex,
East Rutherford, NJ) to assess their integrity. For each sample, triplicate DNA
extractions were performed to account for variations in extraction efficiency.
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Quantitative real-time PCR. The method of Regan et al. (36) was used to
perform qPCR, using amoA gene target primers and probe (Table 1). Each 25-�l
qPCR mix contained 12.5 �l 2� TaqMan gene expression master mix (Applied
Biosystems, Foster City, CA), 1 �l each of forward and reverse primers (Sigma-
Genosys, The Woodlands, TX) at a 200 nM final concentration, 0.5 �l of 6-car-
boxyfluorescein-labeled TaqMan probe (Sigma-Genosys, The Woodlands, TX)
at a 100 nM final concentration, 2.5 �l bovine serum albumin (Fisher Scientific,
Pittsburgh, PA) at a 0.1-mg/ml final concentration, 2.5 �l water, and 5 �l DNA
template. For analysis, qPCR was performed on a 7900HT fast real-time PCR
system (Applied Biosystems, Foster City, CA), using the following thermal pro-
file: (i) an initial 10-min step at 95°C; (ii) 40 cycles of (a) 40 s at 95°C, (b) 60 s
at 58°C, and (c) 45 s at 72°C; and (iii) a final 60-s extension step at 72°C. All
reactions were performed in triplicate in MicroAmp fast optical 96-well reaction
plates with optical adhesive film (Applied Biosystems, Foster City, CA). Data
were analyzed with Sequence Detection Systems software, version 2.3.2 (Applied
Biosystems, Foster City, CA). Cycle threshold numbers and baselines were au-
tomatically determined by the software. The sizes of PCR products were verified
with a 2% agarose gel stained with Lonza GelStar nucleic acid gel stain, utilizing
an AlphaQuant 6 molecular ladder (Alpha Innotech, San Leandro, CA).

For each qPCR plate analyzed, a standard curve was generated using triplicate
10-fold serial dilutions of plasmid DNA containing the target gene (amoA) as an
insert, generating samples ranging from approximately 102 to 108 copies of target
DNA per reaction. Plasmid concentrations were quantified with a NanoDrop
ND-1000 UV spectrophotometer (Thermo Fisher Scientific, Wilmington, DE).
The plasmid copy number per standard sample was derived from equation 1 as
follows:

CamoA �
NAVRCP

PBPMWBP
(1)

where CamoA is the number of amoA copies per reaction, NA is the Avogadro
constant (6.022 � 1023 copies/mole), VR is the amount of plasmid DNA added to
each PCR mix (5 �l/reaction), CP is the plasmid DNA concentration quantified
by UV spectrophotometry (g/�l), PBP is the size of the plasmid DNA (vector plus
PCR amplicon) (bp), and MWBP is the average DNA molecular weight (660 g/
mol/bp).

Figure 1 details a typical standard curve generated by plotting the calculated
amoA gene copy number per reaction versus the cycle threshold number. A
minimum of three nontemplate controls were performed for each qPCR plate.
PMA-qPCR analysis resulted in an estimate of the number of viable cells (N) in
a given sample, using the fact that the N. europaea genome contains two copies
of the amoA gene (6).

Heat-killed cell control experiments. N. europaea was harvested from batch
growth by centrifugation (4,500 � g for 20 min) 7 days after inoculation, washed,
centrifuged again, and resuspended in an equal volume of fresh 0.2-�m filter-
sterilized PBS. Culture aliquots (approximately 1 � 108 cells/ml) of 3 ml were
transferred to 6-ml polypropylene round-bottomed tubes with caps (BD Falcon,
Franklin Lakes, NJ) and heat killed for 15 min at 72°C in a laboratory heat block.
The samples were vortexed after every 5 minutes of incubation. After 15 min,
these samples were immediately placed on ice. Various defined ratios of heat-
killed (nonviable) and non-heat-killed (viable) cells were combined and pro-
cessed by either LD or PMA-qPCR.

Batch disinfection experiments. For each duplicate experiment, 800 ml N.
europaea was harvested from batch growth by centrifugation (4,500 � g for 20
min) 7 days after inoculation, washed, centrifuged again, and resuspended in 20
ml fresh 0.2-�m filter-sterilized PBS. Washed cells were maintained in PBS for
24 h at 25°C on a rotating shaker (100 rpm) before experiments to allow recovery
from any centrifugation-induced cell damage (33). All experiments were con-
ducted at pH 8.0 and 25°C. Glassware was made chlorine demand-free by
soaking in a 5,000-mg Cl2/liter concentrated free chlorine solution for 24 h,
rinsed with distilled water, and air dried.

For each experiment, 400 ml filter-sterilized (0.2-�m pore size) PBS received
approximately 10 ml harvested cells (approximate final cell concentration of 1 �
108 cells/ml). While the cultures were mixed vigorously on a magnetic stir plate,
two samples were taken for initial and final monochloramine-free controls. The
remainder of the solution was spiked with the desired monochloramine concen-
tration. The PBS-cell suspension was aliquoted in headspace-free vials and
placed in a dark incubation shaker (100 rpm). Samples were sacrificed over time
and analyzed for pH, monochloramine, total ammonia, total cell counts, and
viability by LD and PMA-qPCR. At least duplicate experiments were conducted
for each monochloramine concentration tested (5, 10, and 20 mg Cl2/liter mono-
chloramine).

The LD method used a filtering step to remove the disinfectant. The disin-
fection time was recorded at the conclusion of filtration because the bacteria
remained exposed to disinfectant. For PMA-qPCR, the samples were dechlori-
nated by adding sodium sulfite (Na2SO3) from a 2,300-mg/liter stock solution
prepared the day of the experiment and then vortexed briefly. Na2SO3 dosing
was based on a ratio of 2.3 mg Na2SO3 per mg NH2Cl as Cl2 (theoretical
stoichiometric ratio plus 0.50 mg Na2SO3 per mg NH2Cl as Cl2) (48). For
PMA-qPCR samples, the disinfection time was recorded at the time of Na2SO3

addition. Monochloramine quenching was verified in each experiment with a
Na2SO3-dosed control sample. Bacterial dispersion was verified by direct micro-
scopic observation of single cells with no clustering. In all modeling efforts, the
average monochloramine concentration was used because monochloramine de-
creased, on average, less than 5% from the initial to the final measurements
(data not shown).

For each batch disinfection experiment, a series of controls was included. For
LD, a heat-killed control sample was prepared and analyzed as previously de-
scribed. For PMA-qPCR, the following controls were included: (i) heat-killed
sample (a) with and (b) without PMA treatment, (ii) PBS (a) with and (b)
without PMA treatment, (iii) heat-killed sample with PMA treatment and
Na2SO3 addition, (iv) initial samples with PMA treatment and (a) with and (b)
without Na2SO3 addition, and (v) final samples with PMA treatment and (a) with
and (b) without Na2SO3 addition.

Estimation of disinfection kinetic parameters and credible regions. The de-
layed Chick-Watson model was used for parameter estimation (equation 2) (10),
as follows:

ln
N/NT

N0/NT
� ln

N
N0

� � 0 for Ct � b
�k�Ct � b� for Ct � b

(2)

ln N � � ln N0 for Ct � b
ln N0 � k�Ct � b� for Ct � b

where C is the disinfectant concentration (mg Cl2/liter), t is time (min), k is the
disinfectant rate constant (liters/mg Cl2-min), b is the lag coefficient (mg Cl2-
min/liter), N is the number of viable bacteria at t, N0 is the initial number of
viable bacteria at t � 0, NT is the total number of bacteria at t, N/NT is the viable
bacteria ratio at t, and N0/NT is the initial viable bacteria ratio at t � 0. Equation
2 accounts for an initial lag phase where no disinfection occurs followed by a
pseudo-first-order phase, representing traditional Chick-Watson disinfection ki-
netics (i.e., the delayed Chick-Watson model reduces to the Chick-Watson
model if the lag coefficient [b] equals zero).

The form of equation 2 accounts for the two viability measurements used in
this research, where estimates of N/NT and N were provided by LD and PMA-
qPCR, respectively. The lag coefficient (b), disinfectant rate constant (k), and

FIG. 1. Example qPCR standard curve for N. europaea, using
amoA gene target plasmid DNA.

TABLE 1. qPCR primer and probe summary for amoA
gene targeta

Primer or
probe Name Sequence (5	–3	)

Forward primer amoA-1F GGG GTT TCT ACT GGT GGT
Reverse primer amoA-2R CCC CTC KGS AAA GCC TTC TTC
TaqMan probe amoA-Nm3 TGT CGA TGG CTG AYT ACA TGG G

a From reference 36.
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initial number of viable bacteria (N0) for the delayed Chick-Watson model were
determined by Bayesian statistical methods following the method of Sivaganesan
et al. (46), with N0 as an additional parameter to account for the inaccuracy of
the time zero viable cell measurement. The random error was assumed to be
normally distributed, with a mean of 0 and a variance of 
2. The priors used in
the current research are similar to those used in previous Bayesian analyses
involving the delayed Chick-Watson model (45, 46). The purpose of the priors is
to incorporate prior information about the unknown parameters. Because no
prior information is assumed for the unknown parameters k and N0, a diffuse
(i.e., noninformative) normal prior was used, with a mean of 0 and a variance of
106. Similarly, for 
2, a diffuse inverse-gamma (0.001, 0.001) prior was used,
which approximates Jeffrey’s prior pr(
2) � 1/
2. As done in previous research
(45, 46) and because it is reasonable to assume that b could occur anywhere in
the range of the experimental Ct data, a uniform prior distribution for b was
assumed, between 0 and the maximum Ct value (Ctmax) during the experiments.
These priors are written as follows: k � N(0, 106), N0 � N(0, 106), 
2 �
inverse-gamma (0.001, 0.001), and b � uniform (0, Ctmax).

According to Bayes’s rule, the posterior distribution of the model parameters
(k, N0, b, and 
2) given by the data is proportional to the product of the prior
distribution and likelihood. The Markov chain Monte Carlo method was imple-
mented through WinBUGS software (28; http://www.mrc-bsu.cam.ac.uk/bugs/).
WinBUGS was used for estimation of parameters and generation of 95% cred-
ible intervals.

The 95% bivariate highest-posterior-density (HPD) region was determined
using the posterior distributions of k and b to provide a clearer picture of the
parameter estimates. Sampling from the posterior distribution generated from
WinBUGS was imported into the statistical computing and graphics software R
(35; http://www.r-project.org/). In R, HPDregionplot from the emdbook package
(4) was used for generation of the HPD contour. From the imported Markov
chain Monte Carlo-generated posterior distributions, HPDregionplot used
kde2d from the MASS package (50) to calculate a two-dimensional kernel
density on a square grid, normalized the plot, and calculated the contour corre-
sponding to a two-dimensional HPD region for the specified (i.e., 95%) proba-
bility level.

Analytical methods. Bacterial cell concentrations were determined by direct
cell enumeration, using a Helber Bacteria Z30000 (Hawksley, Lancing, Sussex,
United Kingdom) cell counting chamber. pH and total ammonia were measured
on a model 250 pH-ISE-conductivity meter with a pH electrode and ammonia-
ion-selective electrode (Denver Instrument, Denver, CO), respectively.

RESULTS AND DISCUSSION

Control experiments. Heat-killed cell control experiments
were conducted by mixing various known proportions of heat-
killed (nonviable) and non-heat-killed (viable) N. europaea
cells. These mixtures were then quantified using both LD and
PMA-qPCR to verify the ability of each method to selectively
measure only viable cells. Figure 2 summarizes the results from
these experiments, showing the measured versus predicted
(based on the known proportions) natural logarithms of viable
cell ratios (N/NT) for LD and viable cells (N) for PMA-qPCR,
the theoretical 1:1 line, and the best-fit line based on the
experimental data. These results verify that both methods are
able to selectively measure viable cells in a mixture of viable
and nonviable cells for N. europaea. Although PMA treatment
has been shown to selectively remove and/or inhibit PCR am-
plification of DNA from various heat-killed bacteria (30, 31),
this is the first demonstration of its application to N. europaea.

Batch disinfection experiments. Figure 3 shows a represen-
tative example of the N. europaea disinfection trend observed
during batch disinfection experiments. An initial lag phase was
observed, characterized by little or no disinfection, followed by
pseudo-first-order disinfection kinetics. Previous research at-
tributed the presence of a lag phase to disinfection resistance
caused by bacterial aggregation (52), but in the current re-
search, direct microscopic observations performed during the
experiments showed only single cells with no discernible ag-
gregation, eliminating bacterial aggregation as a possible ex-
planation for the lag phase.

The presence of a lag phase during monochloramine disin-
fection is not surprising based on its proposed disinfection
mechanism from studies involving Escherichia coli B (17–19).
In these studies, monochloramine reacted rapidly with only
four amino acids (cysteine, cystine, methionine, and trypto-
phan) and very slowly with DNA and RNA and did not se-
verely damage the cell envelope of E. coli B. In all, this previ-
ous research supports the multiple-hit monochloramine
disinfection concept whereby monochloramine reacts at sev-
eral sensitive sites in bacteria before the bacteria become in-
activated (18). The multiple-hit concept may explain the lag
phase because the multiple reactions leading to disinfection
proceed slowly.

Disinfection model selection. The prevalence of a lag (shoul-
der) phase in the experimental data resulted in selection of a

FIG. 2. Heat-killed cell control experimental data for LD (A) and
PMA-qPCR (B) methods.

FIG. 3. Example of disinfection trend seen during batch disinfec-
tion experiments (experimental data shown for 5 mg Cl2/liter mono-
chloramine with LD).
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disinfection kinetic model that could account for it (delayed
Chick-Watson model). The selection of the delayed Chick-
Watson model was based on an evaluation that incorporated
both the observed experimental data and practical concerns for
the intent of the research undertaken. There is a substantial
literature base establishing the delayed Chick-Watson model
as an appropriate model for disinfection data with an apparent
lag phase (e.g., see references 8, 11, 24, 40–42, and 47). Other
disinfection models account for lag (e.g., the Hom-Hass model
[13–15] and the series-event model [44]), but selection of the
delayed Chick-Watson model allowed the initial lag phase to
be accounted for with a lag coefficient (b) that is consistent
with the concentration-time (Ct) concept of disinfection, pro-
viding a physical meaning for b (i.e., the Ct required to over-
come the initial lag phase during disinfection). In addition, the
Ct concept is used by the USEPA to regulate water disinfection
(10); therefore, in this research, it was desired to use a model
consistent with the Ct concept.

Previous research on monochloramine disinfection kinetics
with N. europaea used the Chick-Watson model (33), and all
published monochloramine disinfection research with ammo-
nia-oxidizing bacteria (2, 7) has utilized the Chick-Watson
model for determination of disinfection kinetics. It was deter-
mined that to maintain a direct comparison to these data, the
delayed Chick-Watson model represented an appropriate
model choice to incorporate the lag phase, as the rate con-
stants are directly comparable. Furthermore, based on the
results of this research (Fig. 4; see following discussion), the

delayed Chick-Watson model was representative of the exper-
imental data and was a reasonable choice to model the disin-
fection kinetics. Therefore, a combination of the good agree-
ment between the delayed Chick-Watson model and the
experimental data and the practical considerations for main-
taining the Ct concept led to the use of the delayed Chick-
Watson model to incorporate the apparent lag phase.

Estimation of disinfection kinetic parameters and credible
regions. The delayed Chick-Watson model was implemented
in WinBUGS software and used to estimate the model param-
eters and their 95% credible bounds for each data set (LD and
PMA-qPCR). In the WinBUGS analysis, six chains were sim-
ulated at various initial values for parameters. An initial sim-
ulation of 30,000 iterations was performed as a burn-in before
a further 6,000 iterations were used to estimate the model
parameter posterior distributions. The convergence diagnos-
tics present in WinBUGS (trace plots, autocorrelation plots,
and Gelman and Rubin diagnostics) found the convergence to
be satisfactory (data not shown) (9). Experimental results and
the resulting model fit and 95% credible bounds are shown in
Fig. 4 for the LD and PMA-qPCR data sets. The ordinates in
Fig. 4 display the natural logarithms of experimental data
points (N) divided by the estimated model parameter (N0).
Because N represents experimental data and N0 is estimated,
the error bars in Fig. 4 correspond to the uncertainty in the N0

estimate. Figure 4 details the ability of the delayed Chick-
Watson model to provide an adequate explanation for the
experimental data for both the LD and PMA-qPCR data sets,

FIG. 4. Delayed Chick-Watson model fits and 95% credible bounds for LD (A) and PMA-qPCR (B) experimental data (data shown for all
experimental conditions).
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where an initial lag period is followed by pseudo-first-order
disinfection. It is evident from Fig. 4 that both viability mea-
sures provided similar estimates of the lag coefficient, as shown
by the similar Ct values for the lag phase (horizontal line), but
the estimated disinfection rate constants differed, as shown by
the different slopes of the postlag inactivation curves.

Because LD and PMA-qPCR experiments were conducted
simultaneously, the only experimental difference was the via-
bility method. The different LD and PMA-qPCR kinetics can
be explained by at least two possibilities related to the extent of
cell membrane damage required to elicit a response from each
respective method. The first possibility is simply that the two
different chemicals, PI and PMA, which have slightly different
chemical sizes, require a different degree of cell membrane
damage to enter a cell based on the principal of size exclusion.
Because PMA is larger than PI, it follows that PMA might
require more cell membrane damage to enter and may thus
result in slower disinfection kinetics. A second possibility re-
sults from the differences in processing of each method,
whereby the different disinfection kinetics are caused by the
differences between fluorescence staining and visualization
(PI) versus DNA intercalation and physical removal via cen-
trifugation and/or suppression of amplification during qPCR
(PMA). Because each chemical is used in a different process,
differences in process efficiency can lead to the differences in
reported results. In all, the current results suggest that the
PMA-qPCR method requires a greater degree of cell mem-
brane damage than LD before the method elicits a nonviable
response.

Table 2 summarizes the results from the data analysis for the
estimated kinetic parameters (b and k) and calculated Ct99

values (Ct required for 99% disinfection) based on the esti-
mated model parameters. For comparison purposes, the tem-
perature-adjusted value (from 20°C to 25°C, using an activa-
tion energy of 77 kJ/mol [10]) from the work of Oldenburg
et al. (33) at pH 8.0 is included in Table 2. LD and PMA-qPCR
produced identical estimates for b, but the LD estimate for k is
2.5 times as great as that for PMA-qPCR. This results in the
PMA-qPCR Ct99 being approximately twice as great as the LD
Ct99. Compared to previous research, the LD k is twice as great
as that determined by Oldenburg et al. (33), but the LD Ct99 is
only 0.7 times as great because of the lag phase. Overall, Ct99

values for all three analyses were within a factor of 2, with the
order PMA-qPCR value � value of Oldenburg et al. (33) �
LD value.

To provide a clearer picture of the uncertainty in the esti-
mated model parameters (b and k), Fig. 5 displays the joint
95% HPD regions, detailing the positive correlation between b

and k for LD and PMA-qPCR. In Fig. 5, samples from the
posterior distributions are shown with their generated 95%
HPD contour. The areas in Fig. 5 highlight the greater uncer-
tainty in the estimate of b with PMA-qPCR and the difference
in k between the two methods. Even though both methods
produced identical estimates of b, it is clear from Fig. 5, be-
cause of the different areas encompassed by the LD and PMA-
qPCR 95% HPD contours, that LD and PMA-qPCR result in
significantly different estimates of the coupled disinfection ki-
netic parameters. Overall, viability determination with PMA-
qPCR provided a more conservative measure of disinfection
than that obtained with LD.

Lag phase. As mentioned previously, disinfection kinetics
are inherently tied to the method used to quantify viable bac-
teria (i.e., LD or PMA-qPCR). Therefore, it was interesting to
know whether the observed lag phase could somehow be a
result of the selection of viability methods. However, while in
the current research there was an observed lag phase at pH 8.0,
in previous research with LD and N. europaea (33) there was
no lag phase observed at pH 8.0. Because both of these re-
search efforts were conducted under similar conditions, except
for the bacterial growth state, it appears that the lag phase was
not a specific result of the viability methods. Rather, the pres-
ence of a lag phase was more likely the result of the different
growth methods employed. Stationary-phase batch-grown cul-
tures were used in the current research, in contrast with con-
tinuous-growth chemostat cultures in previous research (33).
Additionally, while Oldenburg et al. (33) did not present an
analysis of their data for any presence of lag phase, their pH
9.0 data appear to show a lag phase. In a recent study, the
appearance of a lag phase with increasing pH was reported for
monochloramine disinfection of adenovirus serotype 2 (47). In
these adenovirus serotype 2 experiments conducted at 20°C, no
lag phase was present for experiments conducted at pH 6 and
8, but the disinfection curve at pH 10 was characterized by a lag
phase followed by pseudo-first-order kinetics (47). Inherently,
using the Chick-Watson model when a lag phase is present will
lead to a lower estimation of k than that with the delayed
Chick-Watson model for the same data set (data not shown).

Practical significance. The monochloramine disinfection ki-
netics in the current research may have implications for drink-
ing water distribution systems using monochloramine and hav-
ing the presence of a biofilm. For example, a survey of systems
using monochloramine as a secondary disinfectant indicated
that the median monochloramine residual at the distribution
system maximum residence time was 1 mg Cl2/liter (43). With
this 1-mg Cl2/liter monochloramine residual, it would require
approximately 8 h of contact time to overcome the initial lag
phase and an additional 19 to 47 h to achieve 99% disinfection
of the bacteria (Ct99), which is significant considering that
AOB generation times are on the order of 8 to 50 h (34). For
a biofilm present on the pipe wall in a distribution system, the
contact times are expected to be even longer because the
monochloramine concentration is expected to decrease with
depth into the biofilm, resulting from reaction and diffusion of
monochloramine. The reduced monochloramine concentra-
tion with biofilm depth would increase the contact time re-
quired to overcome the lag phase and subsequent disinfection.

Previous research (33) showed that disinfection kinetics ob-
tained by LD were more consistent with AOB persistence in

TABLE 2. Disinfection kinetic parameter (b and k) summary and
calculated Ct99 values

Data set b (mg-min/liter)
(mean  SD)

k (10�3 liter/mg-min)
(mean  SD)

Ct99
(mg-min/liter)

LD 490  35 4.0  0.23 1,600
PMA-qPCR 490  100 1.6  0.12 3,300
Oldenburg et al.

(33)a
ND 2.0 2,300

a Adjusted to 25°C by using an activation energy for monochloramine of 77
kJ/mol (10). ND, not determined.
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chloraminated drinking water distribution systems than the
disinfection kinetics resulting from the AOB MPN culture-
dependent viability assay. Following from that study, the PMA-
qPCR results are significantly closer to the LD results than the
AOB MPN results from the previous research (33), and it is
expected that the PMA-qPCR results will also be more con-
sistent with AOB persistence than the AOB MPN method. At
this time, it is not possible to discern which of the methods
tested in this research better represent AOB disinfection in
practice; however, further research will provide additional in-
formation in hopes of providing insight into how well either
LD- or PMA-qPCR-based disinfection kinetics reflect systems
in practice.

Summary. Overall, for the LD and PMA-qPCR data sets,
the delayed Chick-Watson model parameter estimates led to
similar values of b. However, each data set led to a significantly
different value of k, with the PMA-qPCR data set resulting in
a lower value of k. In general, the delayed Chick-Watson
model closely simulated the monochloramine disinfection of
N. europaea, where an initial lag phase was followed by pseudo-
first-order disinfection kinetics. Viability determination by
PMA-qPCR provided a more conservative measure of disin-
fection than that obtained by LD.

This is the first application of a PMA-qPCR method for (i)
direct comparison with LD as a viability measure during dis-
infection, (ii) use with monochloramine as a disinfectant, (iii)
use with any nitrifiers and specifically N. europaea, and (iv)
estimation of fundamental disinfection kinetic parameters, ex-
tending the previous work of Nocker et al. (31), who showed

that qPCR cycle threshold numbers increased with increasing
disinfection strength but did not attempt to estimate disinfec-
tion kinetic parameters.

The PMA-qPCR method in this research will allow deter-
mination of monochloramine disinfection kinetics for mixed-
culture AOB present in drinking water distribution systems.
Furthermore, the methodology described herein is applicable
to other disinfectants that damage the cellular membrane and
are thus amenable to PMA as a measure of viability and to
other organisms for which a qPCR method can be or is already
developed.
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